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Abstract
Reliably predicting the geomorphology and climate of planetary bodies requires knowledge
of the dynamic threshold wind shear velocity below which saltation transport ceases. Here
we measure this threshold in a wind tunnel for four well-sorted and two poorly sorted sand
beds by visual means and by a method that exploits a regime shift in the behavior of the sur-
face roughness caused by momentum transfer from the wind to the saltating particles. For
our poorly sorted sands, we find that these measurement methods yield different threshold
values because, at the smaller visual threshold, relatively coarse particles do not participate
in saltation. We further find that both methods yield threshold values that are much larger
(60–250%) for our poorly sorted sands than for our well-sorted sands with similar median
particle diameter. In particular, even a rescaling of the dynamic saltation threshold based on
the 90th percentile particle diameter rather than the median diameter cannot fully capture
this difference, suggesting that relatively very coarse particles have a considerable control on
the dynamic threshold. Similar findings were previously reported for water-driven sediment
transport. Our findings have important implications for quantitative predictions of saltation
transport-related geophysical processes, such as dust aerosol emission.
1 Introduction
Saltation, which refers to a ballistic hopping motion of granular particles, is the pre-
dominant mode in which sand particles are transported by wind on Earth and other planets
and one of the most important processes responsible for the shaping of arid planetary sur-
faces [Bourke et al., 2010; Durán et al., 2011; Kok et al., 2012; Merrison, 2012; Rasmussen
et al., 2015; Valance et al., 2015]. On Earth, saltation transport is also the main driver of
dust aerosol emission and thus has an important impact on its climate [Kok et al., 2014a,b,
2018; Haustein et al., 2015]. A key quantity characterizing saltation transport and its impact
on Earth’s climate is the dynamic saltation threshold: the minimal value ut of the wind shear
velocity u∗ ≡
√
τ/ρa at which saltation transport can be sustained once initiated, where ρa is
the air density and τ the shear stress exerted on the sand bed surface.
In contrast to the static threshold above which saltation can be initiated [e.g., Bagnold,
1937; Chepil, 1945; Gillette et al., 1980; Iversen et al., 1987; Nickling, 1988; Iversen and
Rasmussen, 1994; Merrison et al., 2007; de Vet et al., 2014; Burr et al., 2015; Raffaele et al.,
2016, and references therein], ut has only rarely been systematically studied in controlled
laboratory settings, especially in recent history (there are numerous poorly controlled field
studies though [Barchyn and Hugenholtz, 2011; Martin et al., 2013; Li et al., 2014; Martin
and Kok, 2017, 2018, and references therein]). Even today, we largely rely on the old data
sets by Bagnold [1937] and Chepil [1945], who measured ut by visual means. However,
while Bagnold [1937] and Chepil [1945] reported the mean particle diameters of the parti-
cles composing their tested sand beds, they did not report the particle size distributions. As a
matter of fact, controlled studies on the effect of the particle size distribution on ut have not
been carried out yet. More recently, dynamic thresholds were only reported sporadically as
by-products of laboratory studies with focus on different matters [Iversen and Rasmussen,
1994; Creyssels et al., 2009; Ho et al., 2011; Li and McKenna Neumann, 2012; Carneiro
et al., 2015]. For example, Creyssels et al. [2009] and Ho et al. [2011] indirectly obtained
ut from extrapolating measurements of the saltation transport rate Q to vanishing Q, which
is also a standard method applied to field data sets [Barchyn and Hugenholtz, 2011; Li et al.,
2014; Martin and Kok, 2017, and references therein].
Here we apply the extrapolation method to the data sets by Creyssels et al. [2009] and
Ho et al. [2011] using two recent transport laws and show that the resulting values of ut can
vary from each other by a factor of up to 1.7 depending on the fitting procedure (section 2).
Together with the lacking understanding of the effect of the particle size distribution on ut ,
this stark discrepancy motivated us to carry out controlled laboratory measurements of ut
(section 3).
–2–
Confidential manuscript submitted to JGR-Earth Surface
2 Extrapolation Method
Based on their experiments and a physical parametrization of near-surface particle
dynamics, Creyssels et al. [2009] proposed a linear relationship between the nondimen-
sionalized transport rate Q∗ ≡ Q/
(
ρp
√
(ρp/ρa − 1)gd350
)
and the Shields number Θ ≡
ρau2∗/[(ρp − ρa)gd50] (the reason for parametrizing aeolian transport by Θ becomes appar-
ent shortly), where ρp is the particle density, g the gravitational constant, and d50 the median
particle diameter:
Q∗(Θ) = CQ
√
ρa/ρp(Θ − Θt ), (1)
where Θt = ρau2t /[(ρp − ρa)gd50] is the dynamic threshold Shields number and CQ a propor-
tionality factor. Such a linear transport law is currently favored among most aeolian transport
physicists [Creyssels et al., 2009; Ho et al., 2011; Durán et al., 2011; Kok et al., 2012; Mar-
tin and Kok, 2017, 2018]. However, discrete element-based simulations of saltation transport
suggest a nonlinear transport law because of midair collisions [Carneiro et al., 2013], which
can be parametrized via (see Figure S1 in the supporting information, which shows data from
numerical discrete element method-based simulations of sediment transport that have been
experimentally validated in a number of recent studies [Durán et al., 2012, 2014a,b; Pähtz
and Durán, 2017, 2018a,b]):
Q∗(Θ) = 2κ−1
√
ΘtM(Θ)max
(
1,
√
M(Θ)/Mc
)
with M(Θ) = µ−1b (Θ − Θt ), (2)
where κ = 0.4 is the von Kármán constant, µb = 0.63 the bed friction coefficient (i.e., the
ratio between granular shear stress and normal-bed pressure at the sand bed surface), and
Mc = 0.13 the critical value of the nondimensionalized transport load M(Θ) above which
midair collisions become significant in dissipating energy. In fact, equation (2) is linear in Θ
only for M ≤ Mc, and the linearity of M with the Shields number Θ (shown and discussed by
Pähtz and Durán [2018b]) is the reason why we have used Θ to parametrize aeolian transport
in the first place.
We now fit both transport laws to paired wind tunnel measurements of Θ and Q∗ by
Creyssels et al. [2009] and Ho et al. [2011] using CQ and Θt (equation (1)) or only Θt (equa-
tion (2)) as fit parameters. To carry out the fit, we employ two different fitting procedures:
least-squares (i.e., minimization of
∑
i[Q∗(Θi) − Q∗i]2) and weighted least-squares (i.e., min-
imization of
∑
i wi[Q∗(Θi) − Q∗i]2, where the weights account for absolute measurement un-
certainties: wi = [∆Q2∗i + [Q′∗(Θi)∆Θi]2]−1, the same as method has been used by Martin and
Kok [2017]). In contrast to the weighted least-squares procedure, the least-squares procedure
effectively assumes wi = const and thus constant absolute measurement uncertainties. Be-
cause the measurements by Creyssels et al. [2009] and Ho et al. [2011] exhibited a constant
relative uncertainty ∆Θi/Θi of 10% and constant relative uncertainties ∆Q∗i/Q∗i of 5% and
10% [Ho, 2012], respectively, assuming constant absolute measurement uncertainties under-
weighs near-threshold measurements and overweighs measurements far from the threshold.
Given that the goal of the fitting procedure is the estimation of Θt , this underweighing of
near-threshold measurements can be very problematic. In fact, Figure 1 shows that the value
of Θt estimated from the data sets by Creyssels et al. [2009] and Ho et al. [2011] varies with
the applied transport law and fitting procedure by up to a factor of 2.8, which corresponds to
a variability of ut by a factor of 1.7, and most of this variability is caused by the least-squares
fitting procedure. We thus conclude that threshold values obtained using the extrapolation
method are very unreliable when employing the least-squares fitting procedure (as done by
most previous studies) and that the weighted least-squares method should be used instead (as
done by Martin and Kok [2017]).
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Figure 1. Comparison of four different extrapolation procedures to determine the dynamic threshold
Shields number Θt . Nondimensionalized transport rate Q∗ ≡ Q/
(
ρp
√
(ρp/ρa − 1)gd350
)
versus Shields
number Θ ≡ ρau2∗/[(ρp − ρa)gd50]. Symbols and error bars correspond to the wind tunnel measurements
by Creyssels et al. [2009, ρp = 2500 kg/m3, d50 = 242 µm] and Ho et al. [2011, ρp = 2470 kg/m3,
d50 = 232 µm]. Note that the data by Ho et al. [2011, figure 2] were slightly modified by the leading re-
searcher later on [Ho, 2012, figure 7.4, which is the data shown here]. The uncertainty in the fitted values of
Θt and ut indicates the 95% confidence interval, which we estimated from assuming that the standard error
of these values is the standard deviation of a Student’s t distribution with m − p degrees of freedom, where m
is the number of measurements and p the number of fit parameters. The adjusted coefficient of determination
(R2) is calculated from R2 = 1 − ∑i wi[Q∗(Θi) − Q∗i]2/∑i wi[Q∗ − Q∗i]2 (wi = 1 for unweighted cases)
through R2 = 1 − (1 − R2)(m − 1)/(m − p), where Q∗ is the weighted mean of Q∗i . The reduced chi-squared
is calculated through χ2ν =
∑
i wi[Q∗(Θi) − Q∗i]2/(m − p) (using the same wi for unweighted cases as for the
weighted cases).
3 Wind Tunnel Experiments
3.1 Instrumentation and Experimental Protocol
The experiments were conducted in a wind tunnel located at Lanzhou University (Fig-
ure 2a) using an experimental setup similar to that of Zhang et al. [2014]. The working sec-
tion of the wind tunnel was 20 m long, with a cross-section of 1.3 m width and 1.45 m height.
Roughness elements and turbulence spires were placed in front of the working section in or-
der to generate a boundary layer that is similar to the one at the downstream end (i.e., the
boundary layer development starts with a condition that is not too far from the fully devel-
oped state). We used six different sand beds, each about 17 m long, 0.6 m wide, and 6 cm
thick: one sand bed consisting of the original sand from Tengger Desert (ρp = 2650 kg/m3)
and five differently sieved sand samples (see particle size distribution in Figure 2b, where
“Sample 6” refers to the original sand). Each sand sample was flattened to the height of adja-
cent hard strips before each experimental run. For each sand sample, the free stream wind
velocity U∞, measured by a pitot tube, was successively decremented from a large value
corresponding to intense transport to a low value well below the dynamic saltation thresh-
old. The intense conditions at the beginning of each run led to a very rapid formation of
downstream migrating ripples, the shape of which became roughly steady within less than
20 s (detected via illumination with a bright spotlight). For the less intense conditions, the
shape of the ripples, which continued to migrate downstream, did not change notably. Sand
was not fed at the tunnel entrance because the working section was sufficiently long to en-
–4–
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Figure 2. (a) Sketch of the wind tunnel at Lanzhou University. (b) Particle size distributions of sand beds
used in the experiments, where Sample 6 refers to the original sand from Tengger Desert.
sure saturated transport at its downstream end [Selmani et al., 2018]. The wind velocity
was measured near the end of the working section at four elevations z above the sand bed
(z = [4.2, 10.2, 15, 30.1] cm) using I-type hot-wire probes (DANTEC 55P11, accuracy ±5%),
which were connected to constant-temperature hot-wire anemometers. The wind velocity
was averaged over a 3-min period (sufficient to capture the entire turbulence frequency spec-
trum) for each U∞, which means that the typical duration of a run was about 1 hr (3 min
times the number of measured U∞ per run). The wind shear velocity u∗ was obtained from
fitting the log-law to the averaged data (ux):
ux(z) = u∗
κ
ln
z
zo
, (3)
where zo is the roughness of the sand bed. To confirm that transport was saturated, we also
carried out a few test measurements further upwind: The velocity profiles were nearly the
same. Although one may expect influences from the side walls and a slight velocity wake at
the largest elevation (z = 30.1 cm), the measurements usually obeyed a logarithmic behavior
within the error bars (see Figure 3 for exemplary mean wind velocity profiles). However,
we confirmed for a few test cases that deviations from equation (3) occur for elevations with
z > 30.1 cm.
–5–
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Figure 3. Exemplary mean wind velocity profiles for (a) sand Sample 1, (b) sand Sample 5, and (c) sand
Sample 6. Squares and error bars correspond to the measurements by the hot-wire probes. Lines correspond
to equation (3) for conditions with absent (blue) and present (red) saltation transport.
3.2 Threshold Measurement Methods
3.2.1 Visual Method
The visual method is a standard method to determine the dynamic threshold [Bag-
nold, 1937; Chepil, 1945; Iversen and Rasmussen, 1994; Li and McKenna Neumann, 2012;
Carneiro et al., 2015]. A bright spotlight illuminated the wind tunnel at the end of the work-
ing section, which allowed us to judge whether or not saltation transport was occurring from
a three-dimensional perspective. In fact, from this perspective, there was a very clear change
in the transport activity from widespread transport to (nearly) no transport in all our ex-
perimental runs when decrementing U∞ from a certain value Utrans∞ to the next lower value
Unotrans∞ . We believe that this clear-cut change is essentially the same as the “sand cloud ef-
fect” described by Bagnold [1941, pp. 32–33]. We defined the associated visual threshold as
the arithmetic mean of the wind shear velocities corresponding to these two free stream ve-
locities: uvist ≡ (utrans∗ + unotrans∗ )/2. This definition may lead to a slight systematic uncertainty
(as we did not determine the exact shear velocity at which transport stopped), which plays a
role for the interpretation of our measurements in section 5.1. Note that we also carried out
an experimental test run using a static threshold protocol (i.e., successively incrementing in-
stead of decrementing the wind speed) for Sample 1. The visual threshold obtained from this
run was considerably larger than those obtained from our standard runs for Sample 1, which
confirms that our visual method truly determines a dynamic threshold despite the absence of
sand feeding in our experiments.
3.2.2 Roughness Method
Saltation transport laws, such as equations (1) and (2), assume that saltation trans-
port is saturated (or continuous) [Pähtz and Durán, 2018a]. That is, if we defined ut in-
directly through a saltation transport law (which is the assumed definition whenever one
uses a saltation transport law to predict Q), ut should convey information about the satu-
rated state even though transport near ut is intermittent and thus undersaturated [Martin and
Kok, 2018]. According to recent studies [Pähtz and Durán, 2018a,b], transport saturates be-
cause splash entrainment of bed sediment supplies the transport layer nearly continuously
with bed sediment until the flow becomes so strongly suppressed by the negative feedback
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of the particle motion that it can no longer compensate energy losses of rebounding parti-
cles, resulting in a sudden strong increase of deposition that compensates splash entrain-
ment. Consistent with this hypothesis, experiments revealed that, for saturated transport,
the local wind velocities near the surface decrease with u∗ because of this feedback [Wal-
ter et al., 2014]. Experiments further revealed that, above the region of strongly suppressed
near-surface wind, there is a focal region at which the wind velocities are nearly constant
with u∗ (the Bagnold focus): u f ' κ−1u∗ ln(z f /zo) [Bagnold, 1936], where z f and u f are
constants. This focal point approximation is equivalent to an exponentially increasing surface
roughness, zo = z f exp(−κu f /u∗), as found in simulations [Durán et al., 2011, 2012] and
measurements [Creyssels et al., 2009; Ho et al., 2011; Martin et al., 2013] of saturated salta-
tion transport. In contrast, zo changes much more slowly with u∗ when saltation transport is
strongly undersaturated or absent: zo ' const. These two distinct behaviors of zo lead to two
distinct behaviors of the free stream wind velocity, which can be approximated as the aver-
age wind velocity calculated from the log-law (equation (3)) evaluated at a height H that is
proportional to the boundary layer thickness (H ∝ δ = const):
U∞ ' u∗
κ
ln
H
zo
. (4)
In fact, equation (4) implies for absent (or strongly undersaturated) and saturated transport,
respectively,
u∗ = α1U∞, (5a)
u∗ = α2(U∞ − u f ), (5b)
where α1 ≡ κ/ln(H/zo) and α2 ≡ κ/ln(H/z f ) are approximate constants. The dynamic
saltation threshold then results from the intersection of these two relations:
uzot =
α1α2u f
α2 − α1 . (6)
That is, from measuring the relationship between u∗ and U∞ for both absent and saturated
transport, we can infer uzot from fitting equations (5a) and (5b) to the measurements, where
α1, α2, and u f are the fit parameters [Ho, 2012]. Note that Martin et al. [2013] identified ut
in an equivalent manner from measuring the relationship between the average wind velocity
at a constant large elevation and u∗. Further, note that this method exploiting properties of
saturated transport does not imply that transport at the associated dynamic threshold uzot is
saturated because equation (5b) is effectively extrapolated to vanishing transport described
by equation (5a), which neglects the transitional region that occurs near the dynamic thresh-
old because transport is intermittent [Martin and Kok, 2018].
4 Results
For each sand sample, we carried out three or more experimental runs. Figure 4 shows
the measured relationship between the wind shear velocity u∗ and free stream wind veloc-
ity U∞ (open squares) the fits (lines) to the low and high measurement values using equa-
tions (5a) and (5b), respectively, and the visually measured dynamic thresholds uvist (closed
squares) for a representative run for each sand sample. The threshold values shown in Ta-
ble 1 correspond to the values of uvist and u
zo
t averaged over all experimental runs (number
Nr ) and their 95% confidence intervals, which we estimated from assuming that the standard
error
√
1
(Nr−1)Nr
∑Nr
i (uit − ut )2 is the standard deviation of a Student’s t distribution with
Nr − 1 degrees of freedom.
Because the particle density ρp of the sand particles used for previous measurements of
ut varied considerably (Chepil [1945] reported values between 1650 kg/m3 and 2580 kg/m3),
we nondimensionalize our dynamic threshold measurements. We do so in two different ways,
yielding two different threshold parameters: the threshold parameter A50 ≡ ut/
√(ρp/ρa − 1)gd50 =√
Θt with respect to the median particle diameter d50 and the threshold parameter A90 ≡
–7–
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Figure 4. Relationship between wind shear velocity u∗ and free stream wind velocity U∞ for a represen-
tative run for each sand sample: (a) for sand Samples 1 and 2, (b) for sand Samples 3 and 4, and (c) for sand
Samples 5 and 6. The lines correspond to fits to the measurements (open squares) using equations (5a) and
(5b), the intersections of which correspond to the dynamic thresholds estimated from the roughness method
(uzot ). The visually measured dynamic thresholds (u
vis
t ) are shown as closed squares.
Sand sample Visual threshold, uvist /(cm/s) Roughness threshold, uzot /(cm/s)
Sample 1 14.6 ± 1.3 16.2 ± 2.2
Sample 2 15.4 ± 2.7 17.4 ± 1.1
Sample 3 17.2 ± 1.0 17.6 ± 2.0
Sample 4 16.3 ± 6.0 18.7 ± 3.3
Sample 5 23.2 ± 2.1 27.4 ± 1.8
Sample 6 49.3 ± 1.9 65.2 ± 2.3
Table 1. Threshold Measurements and 95% Confidence Intervals.
ut/
√(ρp/ρa − 1)gd90 with respect to the 90th percentile particle diameter d90. Figure 5a
shows the measured values of A50 and their 95% confidence intervals (if known) as a func-
tion of d50 and compares them with our estimates from the weighted least-squares fits to
the Q∗(Θ)-data sets by Creyssels et al. [2009] and Ho et al. [2011] (Figure 1), with previ-
ous wind tunnel measurements [Bagnold, 1937; Chepil, 1945; Iversen and Rasmussen, 1994;
Ho, 2012; Li and McKenna Neumann, 2012; Carneiro et al., 2015], and with the field mea-
surements by Martin and Kok [2017, 2018] (who estimated ut using a weighted least-squares
extrapolation method and a refined Time Frequency Equivalence Method (TFEM) [Wiggs
et al., 2004]) and Martin et al. [2013]. Figure 5b shows the same as Figure 5a with respect to
d90 for those experiments for which this value is known.
5 Discussion
We now discuss two main observations that can be made from Figures 4 and 5: The
visual method yields smaller thresholds than the roughness method, especially for our poorly
sorted sand beds (section 5.1), and both the visual and roughness method yield much larger
thresholds for poorly sorted sands than for well-sorted sands with similar median particle
diameter (section 5.2).
–8–
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Figure 5. Measurements of the threshold parameters (symbols) and 95% confidence intervals (if known).
(a) Threshold parameter A50 = ut/
√(ρp/ρa − 1)gd50 measured in the present (WS = well-sorted sand
samples, PS = poorly sorted sand samples) and previous studies [Bagnold, 1937; Chepil, 1945; Iversen and
Rasmussen, 1994; Creyssels et al., 2009; Ho et al., 2011; Ho, 2012; Li and McKenna Neumann, 2012; Martin
et al., 2013; Carneiro et al., 2015; Martin and Kok, 2017, 2018] versus median particle diameter d50 (if un-
known, d50 is assumed to be equal to mean diameter). (b) Threshold parameter A90 = ut/
√(ρp/ρa − 1)gd90
versus the 90th percentile particle diameter d90 (if known). The confidence intervals are indicated by error
bars. If a symbol does not consist of an error bar, the confidence interval is either indicated by the symbol
size (symbols corresponding to [Creyssels et al., 2009; Ho et al., 2011; Martin and Kok, 2018]) or unknown
(all other symbols without error bars). The colors encode the experimental method used to determine ut :
blue = visual method; red = extrapolation method (weighted least-squares) using either equation (1) or equa-
tion (2) for the extrapolation; brown = Time Frequency Equivalence Method (TFEM); black = roughness
method.
5.1 More Than One Dynamic Threshold
For all our tested sand beds, the visually estimated dynamic threshold uvist is smaller
than the one estimated from the roughness method (uzot ). While the difference between both
estimations is small for our well-sorted sands (uzot /uvist ' 1.1), which may well be attributed
to a systematic underestimation of uvist (section 3.2.1), it is quite significant for our poorly
sorted sands (uzot /uvist ' 1.2 for Sample 5 and uzot /uvist ' 1.3 for Sample 6). This is a curi-
ous finding because the current consensus is that there is a single threshold associated with
the cessation of intermittent saltation transport for polydisperse sand beds [Martin and Kok,
2018, 2019].
As we described in section 3.2.2, the roughness method exploits that saltation trans-
port can only saturate when there is a strong suppression of near-bed wind speeds from the
particle-flow feedback, which leads to a substantial increase of the surface roughness zo.
The fact that there is no such increase at uvist (e.g., the closed square in Figure 4 correspond-
ing to Sample 6 lies well within the region where u∗ ∝ U∞) thus likely implies that trans-
port is strongly undersaturated. This does not mean that saltation transport is unsteady but
rather that there is a different equilibrium between bed sediment entrainment and deposition
when compared with the saturated state. While in the latter case, the equilibrium is proba-
bly caused by the particle-flow feedback spiking the deposition rate (section 3.2.2), we be-
lieve that, in the former case, it is caused by the limited availability of erodible fine bed sur-
face particles because of armoring by coarse particles. In other words, saturated transport
–9–
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is deposition-limited, whereas the here found undersaturated transport is erosion-limited.
Note that, even though armoring may cause considerable spatial and temporal variability of
saltation transport, this potential variability is unlikely to have affected our wind speed mea-
surements because of the near absence of the particle-flow feedback for the undersaturated
conditions discussed here (i.e., uvist < u∗ < u
zo
t for Samples 5 and 6).
The hypothesis that armoring is responsible for saltation transport being undersaturated
is supported by our observation that, for Samples 5 and 6, only relatively fine particles were
saltating for uvist < u∗ < u
zo
t , whereas relatively coarse particles (found near the crest of the
ripples) crept along the surface, consistent with the ripples being megaripples [Katra et al.,
2014; Lämmel et al., 2018]. This observation means that uvist measures the dynamic saltation
threshold of a subset of relatively fine particles, whereas uzot measures the dynamic thresh-
old of the entire ensemble of particles, which indicates that a size-selective process controls
ut . Hence, like Pähtz and Durán [2018a], we hypothesize that ut is the minimal wind shear
velocity that is needed to compensate energy losses of rebounding particles during particle
trajectories, which is a size-selective process because larger particles are accelerated less
strongly during their hops. Note that the finding of size selectivity does not contradict the
field measurements by Martin and Kok [2019], which showed that the size distribution of
particles in saltation is relatively insensitive to the wind shear velocity u∗, because the sand
beds at these authors’ field sites were considerably better sorted (d90/d50 ≈ 1.6) than our
Samples 5 (d90/d50 ≈ 2.2) and 6 (d90/d50 ≈ 2.5) and thus likely did not exhibit a significant
difference between uvist and u
zo
t (like our Samples 1-4).
In summary, for poorly sorted sand beds, there may be three distinct dynamic thresh-
olds: a threshold associated with the cessation of intermittent saltation transport of relatively
fine particles (uvist ), a larger threshold associated with the cessation of intermittent salta-
tion transport of the entire ensemble of particles (uzot ), and an even larger threshold below
which continuous saltation transport becomes intermittent (there is an ongoing controversy
about whether this threshold is associated with splash entrainment or aerodynamic entrain-
ment [Martin and Kok, 2018; Pähtz, 2018]).
5.2 Much Larger Threshold for Poorly Sorted Than for Well-Sorted Sand
Samples 1 and 5 and Samples 4 and 6 exhibit a similar median particle diameter (Fig-
ure 2b). Yet both the dynamic thresholds estimated from the visual (uvist ) and roughness
method (uzot ) differ greatly between these samples (Table 1 and 5a). Much of this divergence
seems to be caused by the presence of relatively very coarse particles in the bed as even a
rescaling based on d90 rather than d50 cannot fully explain the spread between existing mea-
surements (Figure 5b).
5.2.1 Visual Threshold
We propose that uvist increases with particle size heterogeneity at least partly because
of hiding effects in heterogeneous sand beds: Relatively fine particles tend to be surrounded
by coarser ones, and their protrusion (i.e., the particle height above surrounding sediment) is
thus smaller than on average, whereas relatively coarse particles tend to have a larger-than-
average protrusion. Importantly, Yager et al. [2018] showed that a particle’s protrusion does
affect not only the driving flow forces acting on this particle but also its ability to resist en-
trainment: Smaller protrusion is associated with larger resisting forces. It seems conceivable
that a particle colliding with the bed surface at a location associated with a small protrusion
at the moment of impact also experiences larger forces resisting its ability to rebound [Yager
et al., 2018]. That is, assuming that uvist is associated with sustained rebounds of a subset
of relatively fine particles of the entire particle ensemble (our hypothesis in section 5.1), its
value should increase with sand size heterogeneity, as observed.
–10–
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A second effect that potentially leads to an increase of uvist is the armoring of fine parti-
cles by coarse particles gathering at the ripple crests, which makes it more difficult to entrain
bed sediment. Even if uvist is associated with sustained rebounds of fine particles rather than
their entrainment by splash or aerodynamic forces, as we hypothesized in section 5.1, ar-
moring should lead to an increase of its value because particles lose a larger fraction of their
kinetic energy on average when rebounding with a bed made of larger particles than when re-
bounding with a bed made of particles of the same size [Lämmel et al., 2017]. Note that this
effect is physically similar, if not equivalent, to the protrusion effect described above because
the larger energy loss is caused by the larger probability of particle rebounds at locations
with large protrusion [Lämmel et al., 2017] as they are associated with larger forces resisting
the rebounds [Yager et al., 2018].
5.2.2 Roughness Threshold
Assuming that uzot is associated with sustained rebounds of the entire ensemble of
particles (our hypothesis in section 5.1), its value should be controlled by the ability of the
flow to sustain rebounds of relatively coarse particles. Because such particles have a harder
job to maintain their bouncing motion than the median particle, since they experience less
fluid drag acceleration during their hops, this assumption automatically explains why uzot
is larger for heterogeneous sand beds than for homogeneous ones. Furthermore, we would
like to emphasize that the ability of a certain particle class to rebound is probably strongly
tied to its ability to eject particles of the same size class via splash [Pähtz and Durán, 2018a,
section 4.2.1]. Hence, if splash-sustained transport required that all size classes are equally
susceptible to splash entrainment (as it likely does [Martin and Kok, 2019]), this assumption
would also explain why the relationship between u∗ and U∞ tends to be described by equa-
tion (5b) at shear velocities u∗ that are not too far above uzot , as splash-sustained transport is
the origin of the strong particle-flow feedback causing the roughness increase described by
equation (5b) (section 3.2.2). However, note that the shift from equation (5a) to equation (5b)
does not always happen immediately (e.g., there is an obvious transitional region for Sam-
ple 5 in Figure 4), which is also consistent with the rebound hypothesis (in the sustained-
rebound picture, the splash entrainment threshold is always larger than the rebound thresh-
old [Pähtz and Durán, 2018a]).
6 Conclusions
In this study, we have measured in a wind tunnel, or determined from existing exper-
imental data sets, the dynamic saltation threshold ut by three different means: by extrap-
olating paired measurements of the wind shear velocity u∗ and transport rate to vanishing
transport, by decrementing u∗ and visually estimating its value when transport stops, and
by exploiting a regime shift in the behavior of the surface roughness caused by momentum
transfer from the wind to the saltating particles. All three methods yield threshold values
that are consistent with each other for sufficiently well-sorted sand beds provided that the
extrapolation method takes measurement uncertainties into account (Figure 5a). However,
there is a strongly increasing trend of ut with sand size heterogeneity that even a rescaling
based on the 90th percentile particle diameter d90 (replacing the median diameter d50) can-
not fully capture (Figure 5b), which suggests that relatively very coarse particles (d > d90)
have a considerable control on the dynamic threshold. For example, ut estimated from the
roughness method differs by a factor of 3.5 for two of our tested sands (Samples 4 and 6 in
Table 1) despite having a similar d50 (Figure 2b). We have offered an explanation for this re-
markable finding based on hiding effects and sustained particle rebounds in heterogeneous
sand beds (section 5.2). Interestingly, a predominant effect of relatively very coarse parti-
cles on the mobility of the bed was previously reported also for water-driven sediment trans-
port [MacKenzie and Eaton, 2017], which led MacKenzie et al. [2018] to challenge the long-
standing assumption that d50 is the best choice for the characteristic size of bed particles.
Our study challenges this assumption also for wind-driven sediment transport.
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Furthermore, sufficiently heterogeneous sand beds exhibit more than one dynamic
threshold (for relatively uniform samples, our results are inconclusive), likely because of
size-selective processes (section 5.1). This is not a trivial finding because ut is often seen
as a quantity that describes the entire ensemble rather than a subset of bed particles [e.g.,
Claudin and Andreotti, 2006] and because Martin and Kok [2019] recently reported for mod-
erately heterogeneous sand beds in the field that fine and coarse particles are equally suscep-
tible to participate in saltation transport (i.e., there is only a single dynamic threshold). In
combination, these authors’ and our findings hint at the possibility that, in order for fine and
coarse grains to have different susceptibility to saltate, the level of heterogeneity and/or type
(e.g., unimodal versus bimodal) of the size distribution of bed surface particles are impor-
tant, both of which change with ongoing aeolian transport [Lämmel et al., 2018].
The large effects of particle size heterogeneity found in this study have important im-
plications for quantitative predictions of different kinds of geophysical processes. For ex-
ample, given that the particle size distribution in the field can vary from very heterogeneous
(e.g., our sand from Tengger Desert) to relatively uniform [e.g., Martin et al., 2013], bas-
ing the dynamic threshold only on the median diameter in theoretical models (e.g., dust
aerosol emission schemes in climate models [Haustein et al., 2015] or models of extrater-
restrial transport [Telfer et al., 2018]) may lead to fundamentally wrong predictions. Finally,
one may also wonder to what degree sand size heterogeneity has contributed to the gener-
ally large mismatch between theoretical predictions (uniform sand) and laboratory and field
measurements (often very heterogeneous sand) of aeolian sand transport, which is currently
attributed mostly to temporal and spatial variability in the field [Barchyn et al., 2014]. In par-
ticular, the here reported size selectivity of the dynamic threshold may leave a signature in
aeolian transport laws and thus lead to qualitative deviations between theory and field beyond
the mere quantitative influences of the threshold value and scaling constants.
Finally, it is worth mentioning that the insights into the behavior of the dynamic salta-
tion threshold gained from this study may also help to better understand the static thresh-
old of saltation transport. In fact, based on a theoretical analysis and a compilation of wind
tunnel measurements, Pähtz et al. [2018] recently showed that the static saltation threshold
depends on the thickness of the turbulent boundary layer and argued that, for field condi-
tions (very thick boundary layer), an episodic short-lived rolling motion of isolated particles
may be initiated below the dynamic saltation threshold. Such episodic rolling can evolve into
fully developed saltation transport only if the shear velocity is above the dynamic saltation
threshold, which led Pähtz et al. [2018] to propose that, for many field conditions (including
on Mars), the static saltation threshold may actually be controlled by dynamic mechanisms
and close to the dynamic saltation threshold.
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